74 Ge are investigated using the (α, α ′ γ) reaction and compared to (γ, γ ′ ) data. The results indicate that the dipole excitations in the energy region of 6 to 9 MeV adhere to the scenario of the recently found splitting of the region of dipole excitations into two separated parts: one at low energy being populated by both isoscalar and isovector probes and the other at high energy, excited only by the electromagnetic probe. RQTBA calculations show a reduction in the isoscalar E1 strength with an increase in excitation energy which is consistent with the measurement.
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I. INTRODUCTION
In recent years there has been a surge in experimental studies of dipole excitations lying on the low-energy tail of the isovector giant dipole resonance, the so-called Pygmy dipole resonance (PDR). The PDR has been interpreted as an exotic mode of excitation due to the motion of a weakly bound neutron excess against an almost inert proton-neutron core [1] [2] [3] , although single particlehole excitations are also considered [4, 5] . One major reason for the renewed interest in the PDR is the possibility of carrying out high-resolution measurements on these low-lying dipole excitations using heavy ion [6, 7] , proton [8, 9] , and α inelastic scattering experiments [10, 11] . An experimental technique, combining particle and γ-ray detection techniques, to study the response of dipole excitations to isoscalar probes was pioneered by Poelhekken et al. [12] and applied in several studies since [6, 7, 10, 11, [13] [14] [15] [16] [17] . These experiments provide complementary information to those obtained from (γ, γ ′ ) experiments which investigate the isovector nature of the excitations [18] [19] [20] [21] [22] [23] [24] . One of the surprising results from recent experiments is the isospin splitting of the PDR [2, 3, 10, 11, 13] . This provides intimate knowledge about the isospin nature of these excitations which would not be possible to infer from (γ, γ ′ ) experiments alone. These experimental discoveries were followed by intensive theoretical investigations [25] [26] [27] [28] [29] [30] .
Incidentally, scattering experiments with isocalar probes for the study of the PDR have so far been limited to only certain regions of the nuclear chart and carried out mainly on nuclei with large neutron-to-proton ratios [6, 10, 13, 14, 17] . Information on how the results from scattering reactions compare to those of (γ, γ ′ ) experiments in nuclei closer to N/Z =1 are also becoming available [7, 12, 15, 16] . Since most of the incident isoscalar probes are sensitive to the surface of the nucleus, the information gathered advances our understanding of the evolution of the PDR with changing N/Z. This information is extrapolated for obtaining better estimates of the total strength exhausted by the PDR in nuclei of astrophysical importance, many of which are still inaccessible with the available experimental facilities and techniques. The PDR has been suggested to have a significant impact on neutron capture rates and isotopic solar abundance distributions in r-process nucleosynthesis [31] [32] [33] [34] . Further, the PDR could possibly constrain the equationof-state of hot and dense neutron matter as found in neutron star remnants [35, 36] .
In this contribution, we present results on 74 Ge where a high-resolution measurement was carried out using the α inelastic scattering reaction. In its ground state, 74 Ge is a moderately deformed prolate nucleus [37, 38] with N/Z = 1.32. For comparison and to facilitate the discussion, information about the E1 strength distribution is also available from (γ, γ ′ ) data in 74 Ge [39, 40] .
II. EXPERIMENTAL DETAILS
The experiment was performed at the Separated Sector Cyclotron facility at iThemba LABS with the AFRican Omnipurpose Detector for Innovative Techniques and Experiments (AFRODITE) γ-ray detector array [41] in conjunction with two identical particle-telescopes, each of them consisting of two silicon detectors (in ∆E − E configuration). The α−particles with a beam energy of 48 MeV impinged on a 500 µg/cm 2 thick 74 Ge target to populate excited states in the inelastic scattering reaction. The experiment was carried out over a period of five days with an average beam current of ∼ 14 particle nA. The telescopes were placed at an angle of θ = ±45
• with respect to the beam axis. The dimensions of the W1-type double sided silicon strip detectors [42] were 5 cm × 5 cm and consisted of 16 parallel and perpendicular strips 3 mm wide. The distance from target to the telescopes was 5 cm yielding an angular range of 20
• to 72
• in the laboratory frame of reference. Thicknesses of the ∆E and E detectors were 284 and 1000 µm, respectively, and to suppress δ electrons an aluminum foil of 4.1 mg/cm 2 areal density was placed in front of the ∆E detectors. Calibration of individual strips of the silicon detectors was performed using a 228 Th α source. AFRODITE, at the time of the experiment, consisted of nine Clover HPGe detectors with four detectors at 135
• and five at 90
• at a distance of 19.6 cm from the target. The detectors were calibrated using standard 152 Eu and 56 Co sources. High γ-ray energy efficiency parameters for the AFRODITE array were available from Ref. [41] . XIA digital electronics [43] was used to acquire timestamped online data in singles mode.
III. DATA ANALYSIS
From the timestamped data, events with single, double, and higher fold coincidences were constructed with an offline coincidence time window of 600 ns. ble fold events, the α − γ coincidences were extracted by placing a gate on the α−particles in the particle identification spectrum. A projection of α − γ coincidences onto the α−particle axis is shown in Fig. 1 . The selection of correlated events was made with a coincidence time of less than 140 ns by placing appropriate gates around the prompt time peak. Uncorrelated event contributions were extracted and subtracted from the data by placing off-prompt time gates to the early and late sides of the prompt timing peak.
Kinematic corrections due to the recoil energy of 74 Ge and the energy losses of scattered α−particles in the target and aluminum foils were applied to the α−particles. Although the target contained some oxygen and carbon contaminants, the recoil corrections for the scattered α−particles from 74 Ge are quite different compared to those of light contaminant nuclei, thereby allowing a clean extraction of the events of interest. For instance, the corrections from 74 Ge versus 16 O differ by ∼ 1 MeV and ∼ 10 MeV at 20
• and 72
• detection angles, respectively. The energy resolution of the ∆E − E telescopes, measured from the elastic peak, was ≈ 250 keV. Despite the low velocities of the 74 Ge recoils, corrections for Doppler effects of the high-energy γ−rays were found to be necessary and useful.
Transitions (E γ ) to the ground state were extracted with the condition |E γ − E x | ≤ 130 keV imposed on the α−γ coincidence events, where E x refers to the excitation energy of the decaying state and is determined from the energy of the scattered α−particles. Placing this stringent energy requirement upon the data, together with the differences in kinematic properties ensures that only transitions from 74 Ge are extracted, eliminating contributions due to contaminants.
Additionally, various combination of angles between Blue and red spectra correspond to correlated and uncorrelated events, respectively. Inset: the lower energy part of the spectrum where the arrow indicates the position of the unobserved 3558-keV transition, known from (γ, γ ′ ) experiments [39, 40] .
the direction of the recoiling nuclei (as defined by the α particles detected in the particle telescope) and the γ-rays detected in the Clover detectors were used for the determination of angular distributions.
IV. RESULTS AND DISCUSSION
The spectrum of direct γ-ray transitions to the ground state is shown in Fig. 2 , where in addition to many states for E x < 6 MeV, a high concentration of states/strength is also observed for 6.5 < E x < 8 MeV. Although the overall sensitivity to high-energy transitions is relatively poor, many transitions observed in (γ, γ ′ ) experiments [39, 40] can also be clearly identified in the present data. Unresolved strength was separated from intensities of individual transitions by simultaneously fitting the peaks using the ROOT analysis package [44] in a 16 keV per channel compressed γ−ray spectrum. The unresolved, underlying intensity for 6.5 < E x < 8 MeV amounts to ≈ 50%. Comparisons with the recent (γ, γ ′ ) measurement [40] reveal several states, which were not populated in the (α, α ′ γ) reaction, but are observed in the (γ, γ ′ ) measurement. However, the states at E x = 6850 and 7060 keV are populated only through the (α, α ′ γ) reaction.
The multipole nature of the high-energy transitions was determined through angular distribution measurements, shown in Fig. 3 . Because of the paucity of the data, the angular distribution was extracted simultaneously for the total (resolved and unresolved) γ-ray strength in the interval 6.5 < E x < 8 MeV. For comparison, angular distributions of known dipole (E γ = 2690 keV and E γ = 3648 keV) and quadrupole transitions (E γ = 596 keV) in 74 Ge are also included in Fig. 3 . Although the 6.5 < E x < 8 MeV strength does not exhibit a perfect agreement with the expected distribution of a dipole transition, the similarity to the two known dipole transitions strongly supports the overall dipole nature. Natural-parity states are preferentially populated in this reaction [45] , leading to an assignment of spinparity J π = 1 − to the decaying states. In Fig. 4 panel (a) , relative cross-sections of observed J π = 1 − states are plotted and normalized to the 4007 keV state. For comparison, panel (b) of Fig. 4 displays relative integrated scattering cross-sections (I s ) from (γ, γ ′ ) data [40] , where the 4007 keV state is taken as the reference once again. All states for E x > 6 MeV from the (γ, γ ′ ) data are assumed to have negative parity and are plotted in Fig. 4 , whereas in both panels only states have been included with known negative parity for E x < 6 MeV, as deduced from the (γ, γ ′ ) data. An exception are the states 2690, 3033, and 3648 keV with assigned J π = 1, 1, 1 + , respectively [39] . The J π = 1 + assignment to the 3648 keV state is based on a polarization measurement [39] . However, this state has also been observed in an earlier (α, α ′ ) work [46] . Since inelastic α-scattering populates preferentially natural-parity states, the observed strong cross section in the present experiment contradicts this assignment. Hence, the transition [40] are shown. Numbers next to some transitions indicate the total value of relative cross section. In panel (a), the sensitivity limit is shown by the black solid curve and was determined using the procedure outlined in Ref. [11] . Uncertainties on the cross-sections in panel (a) are ∼ 50% for weakly populated states and decrease to ∼ 15% for strongly populated states.
is assumed to be electric dipole in character. Similar considerations are applied to the 2690 and 3033 keV states. The complete absence of the 3558 keV state in the present data (see arrow in inset of Fig. 2 ) is noteworthy, since this state has been observed in the (γ, γ ′ ) work and was assigned J π = 1 (−) [39] . The comparison shows the presence of two different regions in the energy range of the investigated dipole excitations. In the lower part (3 < E x < 6 MeV) the excitations due to (α, α ′ γ) are enhanced compared to the upper part (6 < E x < 9 MeV). For (γ, γ ′ ) excitations the trend is reversed indicating a dominant isovector nature of the higher-energy dipole excitations. This reduction in relative cross-section in the (α, α ′ γ) data becomes even more pronounced if the intensity of the 3648-keV state is taken as a normalization reference.
The reduction of cross-sections in the (α, α ′ γ) data for states E x > 6 MeV, compared to cross-sections for E x < 6 MeV, is larger than observed in previous cases. Indeed, with respect to (α, α ′ γ) studies on 140 Ce, 138 Ba and 124 Sn [10, 11, 13] , the isoscalar response at low energies (< 6 MeV) is much stronger. The current result shows that many of the dipole excitations in the 6 < E x < 9 MeV range in 74 Ge are mixed with larger isovector components. However, a few weakly populated pure isoscalar, as well as several pure isovector states are found for E x > 6 MeV. These results indicate that the dipole excitations in 74 Ge for E x > 6 MeV do show the common scenario of dipole excitations splitting in two distinct parts: one at lower energy, whose states have a strong isospin mixing, and one at higher energy with predominant isovector character.
We have performed calculations of the dipole transition densities in 74 Ge within the Relativistic Quasiparticle Time Blocking Approximation (RQTBA) [47] based on the covariant energy density functional theory (CEDFT) [48, 49] . The RQTBA has been developed to include spreading mechanisms, other than Landau damping (one particle -one hole (1p1h), or two-quasiparticle (2q), configurations) into the microscopic description of nuclear excitation modes within the relativistic framework. The existing versions of RQTBA include 2q ⊗ phonon [47] or two phonon [50, 51] configurations in a fully selfconsistent way. Parameters (in the present version with the NL3
* [52] interaction -8 parameters) of the CEDFT were fixed by fitting masses and radii of several characteristic nuclei throughout the nuclear chart [49] and no adjustments were involved in the subsequent calculations.
The calculations were performed in the following three steps: (i) the single-particle spectrum was obtained from the self-consistent relativistic mean-field solution; (ii) the phonon spectrum was computed by the self-consistent relativistic quasiparticle random phase approximation (RQRPA) and (iii) the Bethe-Salpeter equation for the nuclear dipole response was solved within the RQTBA employing the RQRPA phonons to construct the induced energy-dependent residual interaction. The lowenergy region of the dipole spectrum is calculated with the RQTBA. It includes mixing of quasiparticles with phonons, in particular, with the lowest 2 + collective state obtained in RQRPA at E x ∼0.6 MeV and the lowest 3 − state at E x ∼3.4 MeV, while without mixing there is no dipole strength at the energies of interest. The phonon spectra are consistent with experimental observations for the first-excited 2 + and 3 − states at 596 and 2536 keV [53] . Reduced transition probabilities from RQTBA calculations with 25 keV smearing (bunching) for isoscalar and isovector dipole operators are plotted in panels (a) and (b) of Fig. 5 . Although these calculations also suggest a suppression in the isoscalar E1 strength at higher energies, they underestimate the experimentally observed suppression in
74 Ge. Figure 6 shows the proton, neutron, isoscalar and isovector transition densities for calculated states at E x = 4.55 and 7.05 MeV. The lower-lying state (panel (a)) exhibits the usual pattern for an almost pure isoscalar dipole state, with the proton and neutron transition densities in phase inside the nucleus and at the nuclear surface. Consequently, the isoscalar transition density has a pattern typical of the compressional mode with a node close to the nuclear surface. In contrast, the higher-lying state (panel (b)) exhibits the typical behavior of a Pygmy dipole state where the proton and neutron transition densities are in phase inside the nucleus, while at the surface region the contribution comes from the neutron density only. Consequently, at the surface the isoscalar and isovector transition densities have the same intensity giving rise to a strong isospin mixing. For the calculated dipole states this behavior is supported by the present data, which manifests significant isospin mixing in the energy region under investigation.
An estimate of the inelastic cross section of states due to different reaction mechanisms is obtained using the TALYS 1.6 reaction code [54] . These calculations suggest that for a 48 MeV α beam, the compound reaction does not contribute at any excitation energy under consideration, while for E x ≈ 6 MeV the contribution from pre-equilibrium reactions is an order of magnitude less than that from direct reactions and gradually increases with E x . Therefore, a direct comparison with other experimental data should be taken with some degree of caution at the highest excitation energies.
In principle, the presence of the Coulomb interaction between the target and projectile has the capability to substantially contribute to the observed cross-sections [55] . To investigate the effect of the Coulomb interaction on the observed inelastic cross sections, theoretical cross sections were calculated both with and without taking the Coulomb interaction into account. These theoretical cross sections were obtained for the dipole states at E x = 4.55 and 7.05 MeV by performing Distorted Wave Born Approximation (DWBA) calculations, carried out using the FRESCO code [56] . The radial nuclear form factors were constructed within a double folding procedure using the microscopic transition densities of Fig. 6 , see Ref. [57] for more details on the procedure. For the Coulomb form factors we have used the analytic expression built inside the FRESCO code. For these calculations the double folding potential was used as the real part of the optical potential, while for the imaginary part the same geometry as for the real part but with half the intensity was chosen [57] . These results are shown in Fig. 7 where a negligible difference between the calculations performed using only the nuclear interaction (red curve) and using both the nuclear and Coulomb interaction (blue curve) is observed for the detection angles under study (blue shaded areas). For these low-lying dipole states it has been shown that the nuclear and Coulomb contributions interfere constructively in the nuclear surface region [55] . This feature is expected not to be visible for this relatively low incident energy since the Coulomb contribution becomes important as the beam energy increases towards 30 MeV/u [55, 58] . We are aware of the fact that, while the relation between the inelastic cross section and the B em (E1) is clear for the Coulomb excitation (they are proportional), the relation between the isoscalar response and the inelastic excitation cross section due to an isoscalar probe is not so evident. In fact, the ratio between the B is (E1) of the two states at 4.55 and 7.05 MeV is 2.2 while the ratio between the corresponding values of the cross sections is 6.4 at the first maximum. If we eliminate the effect of the Q-value, by placing the two states at the same energy, then the ratio decreases to 4.1, still far from 2.2. However, in Ref. [55] a calculation of the cross section was presented in the framework of a semiclassical model, that provides the missing link to directly compare the results from the microscopic RQTBA calculations to experimental data measured via the (α, α ′ γ) reaction, confirming the structural splitting of the low-lying E1 strength.
It is instructive to also have an estimate of the crosssection of states with higher multipolarities. Therefore, we also performed calculations for the first-excited 2 + state in 74 Ge, using a collective macroscopic nuclear form factor. The B(E2) value of the 596 keV transition is taken to be 3050 e 2 f m 4 from Ref. [59] with a deformation length of 1.43 fm. The results are shown in Fig. 7 , where the cross-sections for the 2 + state (black curve) are significantly higher when compared to the dipole states. This is not only the case for the detection angles of the present experiment, but also for very forward angles.
It is interesting to point to a recent measurement of the photon strength function below the neutron separation energy in 74 Ge [60] , using the so-called Oslo Method. Despite the limited γ-ray detection resolution, a broad structure is observed in the 6 < E γ < 8 MeV range. It is highly probable that this feature is the same Pygmy dipole resonance structure as observed in this work.
V. SUMMARY AND CONCLUSION
We provide new results, which indicate a suppression in relative cross section for the excitation of the PDR in 74 Ge populated through inelastic α−scattering, when compared to photon scattering data for E x > 6 MeV. The observed dipole response splits into two distinct parts: one at lower energy, with excitations that have strong isospin mixing, and one at higher energy with predominant isovector character. The results are particularly important in improving our understanding of the emergence and persistence of the PDR for low N/Z nuclei. As such, measurements in other mass regions are undoubtedly necessary to fully understand the evolution of the PDR from near-isospin saturated systems towards nuclei with large N/Z ratios. Finally, the present work highlights the importance of using complementary probes to photon scattering, in order to reveal detailed information about the underlying nature of dipole excitations.
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